We present the first large, blind and uniformly selected survey for molecular hydrogen (H 2 ) in damped Lyman α systems (DLAs) with moderate-to-high resolution spectra. 86 DLAs were searched for absorption in the many Lyman and Werner H 2 transitions, with ≈79 % completeness for H 2 column densities above N(H 2 ) = 10 . Only a single strong H 2 absorber was found -a system detected previously in VLT/UVES spectra. Given our distribution of N(H 2 ) upper limits, this ∼1 % detection rate is smaller than expected from previous surveys at 99.8 % confidence. Assuming the N(H 2 ) distribution shape from previous surveys, our detection rate implies a covering factor of ∼1 % for N(H 2 ) ≥ 10 17.5 cm −2 gas in DLAs (< 6 % at 95 % confidence). We obtained new Magellan/MagE spectra for 53 DLAs; 8 km s , a factor of just 3 higher than our median upper limit. Nevertheless, several tests suggest our upper limits are accurate, and they would need to be increased by 1.8 dex to bring our detection rate within 95 % confidence of previous surveys.
INTRODUCTION
The damped Lyman α systems (DLAs), quasar absorption line systems with log N HI ≥2 × 10 20 cm −2 , currently represent our only probe of normal (i.e. not high mass, highly star forming) galaxies at high redshift. Also known to dominate the neutral gas content of the Universe from redshift z ∼ 5 to today , the DLAs likely play a vital role in fueling star formation across cosmic time. There is much evidence that star formation is occurring in DLAs. First, DLA metallicities tend to be higher than the Lyman α forest (Cowie et al. 1995; Wolfe et al. 2005) , implying either the presence of in situ star formation or gas enriched by previous generations of stars. Second, the cosmic mean metallicity of DLAs appears to evolve with cosmic time Rafelski et al. 2012) , evidence for the build-up of metal-enriched This paper includes data gathered with the 6.5 meter Magellan Telescopes located at Las Campanas Observatory, Chile.
† NSF Astronomy and Astrophysics Postdoctoral Fellow; raj@ifa.hawaii.edu gas with cosmic time (though see the caveats due to sample selection bias in Rafelski et al. (2012) and Jorgenson et al. (2013) ). Third, the indirect measurement of DLA star formation rates via the C II the energy accumulated by gravitational collapse can be expelled in the form of radiation -and is thought to be a necessary link in the process of star formation from neutral gas. The Kennicutt-Schmidt relation (Kennicutt 1998) describes the correlation between the gas (molecular plus atomic) mass surface density in a galaxy and its star formation rate per unit area. Recently, Krumholz et al. (2012) unified observations of star formation rates (SFRs) and their relation to the molecular gas mass density from the small scale molecular clouds of mass 10 3 M up to the largest submillimeter galaxies with mass ∼10 11 M , by removing projection effects and found that the star formation rate scales very simply as ∼1 % of the molecular gas mass density per local free-fall time. That is, the presence of molecular gas is intimately linked to the process of star formation. The Milky Way and the Magellanic Clouds contain abundant H 2 -it is detected in most sight-lines through the Milky Way (Wakker 2006) and over half of those through the Magellanic Clouds (Shull et al. 2000) . Average H 2 fractions, f ≡ 2N(H 2 )/[2N(H 2 )+N(H I)], are typically ∼10 % for the Milky Way and ∼1 % for the Magellanic Clouds (Tumlinson et al. 2002) . Recently, Willingale et al. (2013) used Gamma Ray Burst X-ray absorption measurements to infer typical Milky Way molecular fractions of ∼20 %. By comparison, the molecular fractions in DLAs reported by Noterdaeme et al. (2008) are typically much lower, at f ∼ 10 . Several authors have attempted to explain this apparent paucity of molecules in the very gas that is purported to turn into stars. Zwaan & Prochaska (2006) used CO maps of nearby galaxies to determine that 97 % of the H 2 mass is in systems with N(H 2 ) > 10 21 cm −2
. In other words, much of the H 2 may simply exist in much higher column density systems than typical DLAs which also have small impact parameters, small covering factors and high dust content, making them difficult/rare to observe in quasar surveys. Other possibilities could include more exotic scenarios such as that found by Carswell et al. (2011) who were motivated by their discovery of a cold, narrow (sub-1 km s −1 ), neutral carbon (C I) velocity component to propose the existence of an associated narrow velocity component in H 2 . Although this narrow component was not apparent in the H 2 data because of blending with nearby, broader velocity H 2 components, when included in the H 2 model fit, the narrow component helped to solve a problem of conflicting radiation fields and H 2 level populations in the system (see Cui et al. (2005) ; Carswell et al. (2011) ).
Importantly, when discussing the molecular content of DLAs, caution must be employed when interpreting the results of the existing DLA surveys for H 2 , i.e. Noterdaeme et al. (2008) and Ledoux et al. (2003) , as they consist primarily of a heterogenous mix of archival spectra and DLAs that were targeted because of their highmetallicity. Strong biases can exist in the archival data, i.e. brighter quasars were generally favored for high resolution spectroscopy to obtain a higher signal-to-noise ratio (SNR) with less observing time, and DLAs with strong metal lines or high N HI were often targeted as being more interesting. In Figure 1 we reproduce the N HI frequency distribution function of the Noterdaeme et al. (2008) sample and compare it with that of the SDSS DR7 (Noterdaeme et al. 2007 ) distribution. A K-S test indicates that there is only a ∼1.6 % chance of these samples being drawn from the same parent population. Noterdaeme et al. (2008) attempt to correct for the bias toward large N HI systems in their sample, see their Figure 1 , by resampling. However, for the purposes of re-sampling, the sample of 77 DLAs and sub-DLAs is not large enough and the re-sampling results in large uncertainties. Recently, Balashev et al. (2014) Noterdaeme et al. (2008) sample in red (dashed line, labeled 'N08') with the scaled SDSS DR7 (Noterdaeme et al. 2007 ) distribution in black. A K-S test indicates the probability they are drawn from the same parent population is P KS ∼ 0.016.
searched for H 2 in SDSS quasar spectra. However, given the low resolution (R∼2000) and signal to noise ratio (SNR∼4), they are only able to identify the relatively rare, high column density systems with N(H 2 )>10 . Until now, no fully blind or untargetted survey for H 2 in DLAs has been completed and, as a result, the true, unbiased covering factor and molecular fraction in DLAs remain unknown. A firm understanding of the molecular content in DLAs is crucial to understanding the role of these high redshift neutral gas reservoirs in cosmic star formation. In addition, H 2 measurements in DLAs provide interesting constraints on the physical conditions in the gas, such as temperature, density and ambient radiation fields (e.g. Levshakov et al. (2002) ; Noterdaeme et al. (2007) ; Jorgenson et al. (2010) ), as well as possibly constraining (or detecting) potential variations in the proton-electron mass ratio, µ (e.g. Thompson (1975) ; Malec et al. (2010) ). To begin to remedy this situation and to fully understand the connection between DLAs and high redshift star formation, we have completed the first large, blind and uniformly selected survey for molecular hydrogen in DLAs with moderate-to-high resolution spectra.
The construction of the survey sample, as well as the DLA properties such as metallicity and kinematics are presented in the first paper of this series - Jorgenson et al. (2013) . In this paper, we present the results of the search for H 2 . This paper is organized as follows: In § 2 we provide details of the data relevant to the H 2 search. We present our procedure for measuring upper limits on H 2 content in each DLA in § 3. We then summarize the results of the survey in § 4, comparing them with the results of previous surveys. In § 5 we test the robustness of the routine used to determine upper limits on N(H 2 ) and in § 6 we evaluate the potential impact of systematic errors. Finally, we summarize the results and conclude in § 7.
DATA AND OBSERVATIONS
We summarize here the details of the sample selection and c 0000 RAS, MNRAS 000, 000-000 some issues relevant to the detection of molecular hydrogen. Details of the observing and data reduction techniques as well as detailed information about each DLA, such as metallicity and low-ion velocity width, are given in Paper 1 (Jorgenson et al. 2013) . All spectra used in this study are available for download at http://www.dlaabsorbers.info.
Sample Selection
In constructing the DLA sample presented in this paper, our primary goal was to determine the true covering factor and fraction of H 2 in DLAs. To achieve this goal, we created a DLA sample drawn with uniform selection criteria from the SDSS DR5 DLA sample of Prochaska et al. (2005) with the aim of minimizing possible biases. We used just 3 simple selection criteria: 1) the target quasar had to be visible from the Magellan site (dec ≤ 15 • ), 2) the redshift of the DLA was required to be z abs ≥ 2.2, such that the Lyman and Werner band molecular line region fell at λ observed ≥ 3200Å and 3) the target quasar had an i-band magnitude of i ≤ 19, such that we created a reasonably sized sample that could be observed spectroscopically at moderate resolution with non-prohibitive amounts of telescope time. This selection produced a total of 106 DLAs, towards 97 quasars.
The resulting DLA sample, referred to here as the 'Magellan sample,' is unique in the sense that it is the only large, uniformly selected DLA survey with medium-resolution (FWHM∼71 km s −1 or higher) spectra allowing for metallicity measurements and detection of strong H 2 absorption. Because our sample was taken directly from the SDSS in an unbiased way, the H I column density distribution, f(N HI ), is fairly well matched to that of the SDSS DR5 survey (see Figure 1 of Jorgenson et al. (2013) ). In contrast with other surveys that heavily relied on archival and previously published data to create samples used to measure the H 2 fraction (Noterdaeme et al. 2008; Ledoux et al. 2003) or the cosmic mean metallicity (Rafelski et al. 2012; Prochaska et al. 2003) of DLAs, the sample presented here was created a priori to be an H 2 -blind and independent representation of the DLA population without regard to N(HI), metallicity, kinematics, or any other property of the DLA system. While our sample was designed to be as unbiased as possible, we note that, like any other sample created from the SDSS survey, our sample will contain any of the biases inherent in the SDSS sample. Potentially relevant to the current work is the possibility that the SDSS survey has missed a population of dusty, molecule-rich DLAs because excess reddening of the background quasar moved it out of the color selection used for identifying SDSS quasars for spectroscopic follow-up. While we cannot rule this scenario out completely, we argue that while there is a correlation between DLA metallicity and H 2 content, there is no trend towards higher H 2 content with higher metallicity, as one might expect if there was an even more metal-rich/molecule-rich population. Rather, existing DLA samples seem to indicate the existence of a threshold metallicity (of ≈ 1/30 solar) above which H 2 may form/exist. In addition, it has been shown that dust bias of the magnitude-limited SDSS sample is likely not a major issue (see, for example, Ellison et al. (2001) ; Murphy & Liske (2004) ; Jorgenson et al. (2006); Vladilo et al. (2008); Frank & Péroux (2010) ; Khare et al. (2012) ). Finally, we note that our selection criterion of i ≤ 19 is not significantly more stringent than that of the SDSS spectroscopic follow-up criterion, which was i ≤ 19.1 for z 3.0 and i ≤ 20.2 for z 3.5 (Richards et al. 2002) . 
H 2 Sample
Of the original sample of 106 DLAs towards 97 quasars, spectra of 96 DLAs towards 88 quasars were obtained either with the Magellan/MagE, or VLT/X-Shooter spectrographs, or from archival VLT/UVES or Keck/HIRES (with some overlap) (Jorgenson et al. 2013) . Three new DLAs were discovered, bringing the total number of DLAs to 99. Of these, 13 DLAs have been excluded from the sample because of the presence of a higher redshift Lyman limit system whose Lyman break at 912 Å eliminates the quasar flux in the spectral region containing the associated H 2 Lyman and Werner band absorption lines. Because we are not able to measure nor put an upper limit on the amount of H 2 in these systems, they have been taken out of our sample. Details of these systems are presented in Table 1 . This leaves a remaining 86 DLAs towards 77 quasars in our sample to be searched for the presence of H 2 .
Previous H 2 detections
One DLA in our sample was already known to contain H 2 , a z abs = 2.4260 DLA in the line of sight towards SDSS235057.87−005209.9 (Petitjean et al. 2006) , and hence, we did not re-observe this target with MagE. Noterdaeme et al. (2007) performed a detailed study using a high resolution VLT/UVES spectrum and measured a total N(H 2 ) = 10 18.52 cm −2
, and an H 2 fraction of ∼2 %. While we exclude this DLA from the figures and tables consisting entirely of upper limits, we do include this H 2 absorber in any statistical results presented.
DATA ANALYSIS
As a 'first-pass' search for H 2 , each quasar spectrum was examined by eye to look for signs of obvious, strong molecular absorption lines. Using the redshift of the absorber determined from an unsaturated, low-ion metal transition (usually the SiII λ1808 line), we examined the strongest oscillator strength H 2 J=0 and J=1 transitions for consistent absorption signatures. After this procedure produced no H 2 detections we employed a technique for measuring the upper limits on the H 2 content in each DLA.
Measuring molecular hydrogen upper limits
Blending with and contamination by the Lyman α forest is the most significant challenge when measuring the amount of molec- e Median S/N per pixel over the spectral region used (S/N > 10) f Median S/N per pixel over the H 2 spectral region used, sometimes S/N threshold was set to 5 to have coverage.
g Number of data pixels used to constrain upper limit assuming b = 2 km s −1 . a System in which SNR threshold in H 2 region was set to 5 rather than 10, i.e. there is a LLS but it did not obliterate ALL H 2 lines. b Log of the molecular fraction calculated as defined in text. c Lowest rest-frame wavelength searched for H 2 . This cutoff was determined by the requirement that S/N ≥ 10. d H 2 upper limit was determined over this range in Angstroms.
e Median S/N per pixel over the spectral region used (S/N > 10) f Median S/N per pixel over the H 2 spectral region used, sometimes S/N threshold was set to 5 to have coverage.
g Number of data pixels used to constrain upper limit assuming b = 2 km s −1 . h Instrument Used: 1 = MagE (FWHM∼71 km s −1 ), 2 = XShooter (FWHM∼59 km s −1 ) , 3 = UVES (FWHM∼8 km s −1 ), 4 = HIRES (FWHM∼8 km s −1 ) ular hydrogen contained in a given DLA, and this is a particular problem for lower resolution spectra like those studied here. In order to overcome this problem, we utilize as many of the more than 100 H 2 Lyman and Werner band transitions as possible to constrain the measurement of, or put an upper limit on, the total H 2 column density, N(H 2 ).
We used a routine in the VPFIT Overplotted in red is a model fit of the H 2 absorption measured in a high resolution VLT/UVES spectrum by Srianand et al. (2005) . This spectrum demonstrates that H 2 absorption is identifiable in the MagE spectra (with FWHM∼71 km s −1 ).
profile is created at every transition of a given H 2 rotational J state in the observed spectral range. The column density of the model fit is then increased until some pixels of the model within of these pixels is determined and the maximum allowed column density is taken to be that at which the χ 2 value over this range had a probability of occurring by chance of less than 0.16, corresponding to a 1σ, one-sided deviation. This routine produces a reliable upper limit even in the presence of blends, as it is only those pixels where the model fit is below the data that contribute to the significance level.
To apply this routine to the sample data, we first trimmed each spectrum to include only sections of spectra over which the median of the signal to noise ratio over a 20 pixel box was greater than or equal to 10 per 20 km s −1 pixel. The SNR degrades uniformly towards the blue and the lowest rest-frame wavelength produced by this SNR-cut represents the wavelength at which the search for H 2 in each DLA was begun and is given in Table 2. Table 2 also lists the total wavelength interval, ∆λ, over which the H 2 upper limits were determined. Given the typical SNR (≈18 per 20 km s ) of the spectra, we considered only the strongest H 2 transitions, which encompasses all H 2 lines of rotational states J = 0, 1, and 2. We used the wavelengths and oscillator strengths for the H 2 transitions provided in Malec et al. (2010) .
Because the VPFIT program treats the column density parameters for each J level independently, the values, or upper limits, for each J state can be physically inconsistent. Since we are interested in the total H 2 we constrained the J = 0, 1 & 2 transitions by creating a hybrid line list containing all H 2 J = 0, 1, 2 transitions, with the oscillator strengths of the J = 0 and J = 2 transitions scaled to the appropriate level assuming a temperature T = 100K. This approach enabled us to take advantage of additional lines for constraint under the assumption of a reasonable physical model.
We present the results of our fitting in Table 2 , where we summarize the upper limit values for 85 DLAs. Because the resultant column density strongly depends on the assumed Doppler parameter, we calculated the results for a range of Doppler parameters, b = 1 − 10 km s . Therefore, for the remainder of the paper we will present upper limits derived for two cases, b = 2 km s −1
, as a representative, yet conservative, b -parameter for which meaningful upper limits can be derived and compared to the detections made by N08 and the larger, less conservative Doppler parameter of b = 10 km s −1 .
Did we detect known H 2 absorption?
As a test of our ability to detect H 2 absorption with the medium resolution Magellan/MagE spectrograph (FWHM∼71 km s −1 ), we ob- (Fig. 4) plotting 1-σ upper limits on the H 2 column density derived from the J=0 and 1 rotational levels versus the DLA metallicity, [M/H]. Green diamonds represent the H 2 detections from the Noterdaeme et al. (2008) sample, labeled 'N08.' The large 'X' represents the median values of the respective sub-samples, log N(H 2 ) N08 = 18.29 ± 0.14 (green) and log N(H 2 ) Magellan = 17.91 ± 0.26 (blue), located at the mean metallicities of each sub-sample. It is clear that even for the conservative assumption of b = 2 km s −1 , the H 2 upper limits determined from this survey are generally below the majority of the N08 H 2 detections. served the first DLA in which H 2 absorption was detected, the DLA at z abs =2.811 towards PKS 0528−250 (Foltz et al. 1988) . Note that this DLA was not included in our Magellan sample because it was not in the SDSS survey. In Figure 3 , we plot a section of our Magellan/MagE spectrum of PKS 0528−250, in black. Overplotted in red is a model H 2 fit based upon the H 2 measurements reported by Srianand et al. (2005) from a high resolution VLT/UVES spectrum. It is clear that the H 2 absorption is easily distinguishable, even at the MagE resolution.
Using VPFIT to calculate the upper limit on the allowed H 2 column density following the same procedure used for the MagE spectra of this sample, we find N(H 2 ) total ≤ 10 . Given the uncertainties in continuum placement, our assumption of T = 100 K for populating the rotational J levels and the differences in spectral resolution (FWHM∼8 km s ), this agreement is quite good. Repeating this exercise but now using the detailed velocity structure determined from the high resolution UVES spectrum, we can compare the MagE-determined upper limits with the amount of H 2 measured in the UVES spectrum. Measuring upper limits in the MagE spectrum at both UVES-determined H 2 velocity components, z abs = 2.81100 and z abs = 2.81112 (Srianand et al. 2005 The major result of this survey is that we did not unambiguously detect any new, strong H 2 absorbers in our sample of 86 DLAs. We show below that this result leads to the conclusion, assuming that the H 2 upper limits are non-detections, that the covering factor of H 2 for N(H 2 ) ≥ 10
in DLAs is ≈ 1 %, significantly lower than the estimates of previous surveys (Noterdaeme et al. 2008; Ledoux et al. 2003) .
To place the results of this survey for molecular hydrogen in context, we will compare our results with those of the survey for H 2 in DLAs by Noterdaeme et al. (2008) , which includes as a subset the previous survey by Ledoux et al. (2003) . The Noterdaeme et al. ] and molecular fractions, f ≡ 2 N(H 2 )/(2 N(H 2 ) + N(H I)), from f 5 × 10 −7 to f 0.1 (Noterdaeme et al. 2008) .
In order to compare with the results reported in Noterdaeme et al. (2008) , we plot in Figure 4 the upper limits on the total N(H 2 ) contained in the J=0 and J=1 rotational states, denoted log N(H 2 J=0,1 ), for 85 of our sample DLAs, versus the DLA metallicity as derived in Jorgenson et al. (2013) . For clarity, we plot only the upper limits obtained assuming the Doppler parameters b = 2 and 10 km s . The results from the N08 sample, considering only the detections for clarity, are overplotted as green diamonds for comparison. We do not present the upper limits from the N08 sample because it was not immediately clear whether they were determined with a method comparable to our method using VPFIT. , the H 2 upper limits of our blind survey for H 2 in our uniformly selected quasar observations are generally low enough to have detected the known H 2 absorbers reported in the N08 sample.
In comparing the Magellan sample with that of N08 we note that the Magellan sample contains spectra from a variety of instruments. While the bulk of our survey consists of Magellan/MagE spectra with FWHM∼71 km s were available for 27 of the 86 sample DLAs, and 6 from VLT/X-Shooter (FWHM∼59 km , in Figure 5 and compare with the N08 N(H 2 ) detections. It is clear that the upper limits derived from the medium resolution MagE and X-Shooter spectra are higher, as expected, than those of the UVES and HIRES spectra. While several of the medium resolution upper limits are near the bulk of the N08 detections, we discuss in Section 5 how many of these upper limits are relatively high because of limited wavelength coverage and/or low SNR, rather than being due purely to lower resolution. We note here that if we restrict the sample to only MagE spectra, the median upper limit is N(H 2 ) = 10 ). We note that the upper limits of the Magellan sample are determined using the conservative Doppler parameter b = 2 km s 
Expected H 2 content
Assuming that the N08 sample represents the true molecular content in DLAs (ignoring the previously mentioned issues with sample biases), what is the likelihood that the Magellan sample would recover a detection rate of ∼1% by chance? To answer this question and to present a fair comparison between the samples, we must compare the H 2 detection rates within the regime where both surveys are sensitive. We note that at the minimum SNR used to search for H 2 (SNR = 10, with 2 exceptions), the Magellan survey is generally sensitive to detecting H 2 at the level of N(H 2 ) 10 , would recover a detection rate of 1% or less. In other words, with this crude approach, the detection rate of strong H 2 systems in the Magellan sample is smaller than that of the N08 sample at the 99.61% confidence level.
A more detailed treatment, the results of which are summarized in Figure 8 , is as follows. We have calculated the number of H 2 detections expected in the Magellan sample at a given H 2 column density threshold by assuming that our 1-σ upper limits will, 68 % of the time, sit 0.3 dex above the most likely column densities; that is, we assume σ = 0.3 dex. This is a reasonable and conservative estimate given the tests discussed in Section 5. We then used the error function to construct the probability of detecting a given H 2 column density or higher, the H 2 detection function, D i (x), for DLA i at a logarithmic column density x = log[N(H 2 )]. If we assume that the probability density function of of H 2 column densities, k N08 , is given by the N08 sample, we can then calculate the probability of a given H 2 column density existing and it being detected in the Magellan sample for a given DLA as,
We then find the number of H 2 detections that we expect at a given x = log[N(H 2 )] or higher to be , if we assume that the N08 survey results define the logN(H 2 ) distribution in an unbiased way.
Using this same formalism we can estimate the expected covering factor of H 2 for a given H 2 column density threshold or higher by changing the normalization of the k N08 function until it is consistent with the results of the Magellan survey. That is, we assume the same shape of k N08 but change the relative normalization above the chosen column density threshold of log[N(H 2 )/cm . This leaves 6 % of the total H 2 column density distribution above the threshold. That is, the 2σ upper limit on the covering factor of N(H 2 ) ≥ 10 17.5 cm −2 gas from the Magellan survey is 6 %. Similarly, if instead we demand consistency with the detection of 1 H 2 system, as found in the Magellan survey, we find that we must suppress the normalization of k N08 by a factor of 8.5 such that the covering factor of H 2 is 1.2%. Therefore, the most likely covering factor implied by the Magellan sample, given the above assumptions, for N(H 2 ) ≥ 10 17.5 cm −2 gas in DLAs is 1.2% with a 95% confidence limit of 6%. If for some reason we have systematically underestimated the Figure 9 . Example sections of spectra from a synthetic spectrum (top) compared with a MagE spectrum (bottom). The synthetic spectrum was made with SNR = 19, a DLA at z = 3 and N(H 2 , J=1) = 10 18 cm −2 . The H 2 model is overplotted in red. The MagE spectrum (bottom) is of J1246+1113 with a DLA at z = 3.0971, SNR∼17 and N(H 2 , J=1) ≤ 10 17.1 cm −2 (model overplotted in red).
upper limits of the Magellan sample, the above formalism allows a simple test of the effect on our conclusions. For example, if we increase the Magellan upper limits by 2σ, i.e. by 0.6 dex, we find that the number of expected detections with N(H 2 ) ≥ 10 17.5 cm −2 is 7.60 (with Posisson probability of ≤1 of 0.43%), seen from the red dashed line in Figure 8 . If we instead ask by how much we must have underestimated our upper limits for our data to be consistent with N08, we find that we would need to increase the Magellan upper limits by 6σ, or 1.8 dex, in order to bring our detection of a single N(H 2 ) ≥ 10 17.5 cm −2 system into 95% confidence agreement with N08. There is no evidence to support such a systematically large underestimate in the upper limits derived for the Magellan sample and thus, this seems an unlikely explanation for the different detection rates and H 2 covering factors found between the two surveys.
ANALYSIS TESTING: THE UPPER LIMITS ROUTINE
In this section we perform two tests to determine the reliability of the upper limits routine, the first using synthetic spectra and the second using the UVES spectra of the N08 H 2 detections.
Analysis testing: recovery of a synthetic H 2 signal?
In order to test the reliability of the upper limits algorithm, we analyzed synthetic spectra containing various amounts of molecular hydrogen and simulated , and a variety of signal-to-noise ratios (SNR). Specifically, we created a synthetic quasar spectrum containing a DLA at z abs = 3.0, the associated atomic hydrogen Lyman series lines, and various amounts of molecular hydrogen. Following the implementation of the upper limit code on the actual data, we assumed a model of temperature T=100 K for populating the J=0 and J=2 states, for a given J=1 column density. We also included a simulated Lyman α forest, in which the density of forest lines increases with redshift, in order to estimate the smallest amount of H 2 that the code was sensitive to picking out at a given resolution and SNR. In performing this exercise we took the H 2 Doppler parameter to be b = 2.0 km s −1 , a conservative choice given the above discussion of typical H 2 Doppler parameters. As we steadily decreased the input H 2 column density, we defined the minimum H 2 column density that could be recovered as the point at which the upper limit column density returned by the code was 0.1 dex above the input column density. In other words, as the input column density was further decreased, the returned upper limit became more divergent from the input column density than 0.1 dex.
Naturally, the results of this test are dependent upon the SNR. . While in reality each spectrum probes a unique line of sight through the Lyman α forest, these values provide, on average, some indication of the level of sensitivity to detecting H 2 of the MagE spectra. In Figure 9 we show an example section of synthetic spectrum along with a MagE spectrum for comparison.
To compare these levels with the upper limits determined from the data, we plot in Figure 10 the upper limits on log N(H 2 , J=1) as determined for b = 2.0 km s −1 from the upper limits code versus the SNR of the H 2 spectral region over which the upper limits were calculated. In general, we limited our sample to spectra with SNR ≥ 10, however, we have included two DLAs with SNR ∼ 6 over the H 2 region because there was a significant number of H 2 lines available allowing for a relatively strong limit despite the reduced SNR. As expected, it is clear that the SNR makes a large difference, i.e. the low SNR spectra tend to have weaker, not as constraining limits -note the cluster of points between SNR = 10 − 20 and upper limits of N(H 2 ) = 10 , are likely due not to the presence of H 2 but rather to the fact that the spectral region available to search for H 2 , i.e. the spectral region having SNR ≥ 10, denoted under ∆λ in Table 2 , is less than ≈60 Å. This means that the upper limits were determined using only a few ( 20) H 2 transitions. Obviously, this scenario can result in non-constraining upper limits on the H 2 content that have little to do with an actual H 2 detection, merely because the probability of forest contamination influencing the result is increased. Indeed, a strong anti-correlation Figure 12. A comparison of the H 2 column densities measured in the N08 UVES sample (FWHM∼8 km s −1 , green diamonds with error bars) with the results of smoothing those same spectra to MagE resolution (FWHM∼71 km s −1 ) and using the upper limits algorithm to determine the allowed maximum amount of H 2 (red upside down triangles). It is clear that for most DLAs, the upper limit algorithm applied to the smoothed, lower resolution data provides upper limits on H 2 content consistent with that measured in the high resolution data. Individual cases are discussed in the text. of N(H 2 ) upper limit value and spectral region searched, ∆λ, can be seen in Figure 11 . A linear least-squares fit to the data, for a fit including all of the data, whereas c = 18.71 and d = −9.6×10 −3 for a fit including only the Magellan/MagE data. We can combine equations 3 and 4 into a single equation that provides approximate guidance on the required SNR and ∆λ necessary to achieve a particular N(H 2 ) sensitivity for spectra of Magellan/MagE or similar resolution (FWHM∼71 km s
where the constants are given above. One of the 10 weak limit DLAs is DLA 1100+1122, discussed above, which is at a relatively high redshift, z abs =3.75, and therefore suffers from thick forest confusion. Finally, one more DLA is likely not a strong H 2 -bearer as it contains a very low metallicity, [M/H] ∼−2.5, and hence, is not likely to contain H 2 , considering the strong correlation between metallicity and H 2 content (Petitjean et al. 2006) . That leaves only 2 of the 10 DLAs, DLA 0127+1405 and DLA 1004+0018, to be possible H 2 -bearing DLAs at a similar level to that found by Noterdaeme et al. (2008) , assuming b = 2 km s −1
. Indeed, these DLAs should be targeted for high-resolution follow-up spectroscopy in order to confirm or rule out the presence of H 2 .
If we include the 2-3 weak limit DLAs that may contain significant H 2 , with the 1 confirmed H 2 detection, the H 2 covering factor of the Magellan sample increases to ∼4/86 = ∼5 %. We note that, while it is not likely given the arguments presented above, even if all of the 10 weak limit DLAs in the Magellan sample actually contain H 2 , the H 2 covering factor, including the 1 confirmed H 2 detection, would be 11/86, or ∼13 %, a fraction still at odds with the 18 % expected from the N08 sample (Noterdaeme et al. 2008 ).
Analysis testing: recovery of the N08 H 2 detections?
In order to further test the validity of our upper limits algorithm and our ability to detect H 2 in medium-resolution spectra, we attempted to detect the N08 H 2 detections (Noterdaeme et al. 2008) after smoothing the UVES spectra (FWHM∼8 km s −1 ) to the resolution of the MagE spectra (FWHM∼71 km s −1 ) used in this survey. In order to reproduce, as closely as possible, the process we followed with the MagE spectra, we first convolved the un-normalized UVES spectra with a Gaussian kernel and rebinned it to produce a spectrum of MagE resolution (FWHM∼71 km s
−1
). We then fit the quasar continuum using the same process as that used for the MagE spectra (see § 6.4) and added noise such that the SNR of the smoothed spectrum matched that of our typical MagE spectra, SNR∼20 pixel −1
. Finally, we passed these smoothed spectra through the same upper limits algorithm to search for H 2 , assuming a Doppler parameter b = 2 km s −1 and T = 100 K for populating the J levels, as described in § 3. We present the results of this search in Figure 12 , where we plot the log of the H 2 column density upper limits derived from the smoothed UVES spectra as red upside down triangles for each of the H 2 detections in the N08 sample. Overplotted as green diamonds with error bars are the UVES H 2 measurements from N08.
It is clear that in almost every case, the upper limits algorithm returns an H 2 upper limit from the smoothed UVES spectrum that is consistent with the N(H 2 ) measured in the original high-resolution spectrum. In fact, this agreement is remarkable given the lower resolution, (typically) decreased SNR, and simplifying assumptions made in order to reproduce the MagE process, such as a single velocity component with Doppler parameter b = 2 km s −1 and T = 100 K for populating the J levels. In all cases we report the total amount of H 2 assuming T=100 K for populating the J = 0 and 2 states.
We now discuss a few individual cases involving the DLAs towards:
• Q0347−3819, Q2318−1107 and Q2343+1232: The H 2 column density in these three DLAs is small enough that we would not have expected to detect it in our MagE-resolution survey. At MagE resolution and SNR∼20, as shown in Figure 10 , we are sensitive down to N(H 2 ) ∼ 10 17 cm −2
, and therefore we would not have expected to detect these N(H 2 ) < 10 16 cm −2 systems.
• Q0551−3638: The SNR of the original UVES spectrum in the region of H 2 transitions is already relatively low at SNR 8. This fact, in combination with a relatively small ∆λ for detecting H 2 (∆λ ∼ 50 Å) resulted in an upper limit in the smoothed spectrum of N(H 2 ) ∼ 10 measured in the high resolution UVES spectrum.
• Q1232+0815: For this DLA we show a range of error bars to include the range of published H 2 column densities, from N(H 2 ) = 10 17.18 cm −2 (Srianand et al. 2000) , to N(H 2 ) = 10 19.57 cm −2 (Balashev et al. 2011 ). Taken at face value the UVES spectrum appears to have zero-level problems that were later interpreted by Balashev et al. (2011) to be the result of partial covering of the broad line region by the H 2 cloud. Despite these issues, the naive fitting of the degraded resolution spectrum still provides a reasonable upper limit of N(H 2 ) = 10
• Q2348−0108: In this case we have placed two upper limits to the H 2 column density, the lowest of which (N(H 2 ) < 10 17.31 cm −2 ) was derived in the simplistic way using a single velocity component with the previously stated assumptions. However, in this case, the H 2 absorption is spread over several velocity components, two of which contain the bulk of the H 2 and are separated by ∼26 km s , measured in the UVES spectrum.
This last case, of the DLA towards Q2348−0108, raises the issue of how potential redshift offsets of H 2 relative to the lowions that determine z abs may affect our upper limits in the Magellan survey and we address this issue in § 6.1.
Estimating the likelihood that a weak H 2 upper limit may be a detection
When the upper limits algorithm returns a 'weak' upper limit, defined here to be a limit with N(H 2 ) ≥ ∼10
, it is the result of three possible physical scenarios: 1) the presence of strong (N(H 2 )>10 18 cm −2 ) H 2 absorption, made obvious by several unblended H 2 transitions, 2) the presence of strong H 2 absorption that is not obvious, perhaps constrained only by a single transition, or 3) the absence of strong H 2 absorption in conjunction with any one of, or a combination of, the following: small wavelength coverage in the observed spectral range of the H 2 transitions, low spectral SNR, and/or unlucky blending with the Lyman α forest. While our visual inspection as described in Section 3 rules out scenario 1, we now attempt to develop a method of differentiating between scenarios 2 and 3, i.e. to determine whether or not strong, non-obvious H 2 may be present.
With the goal of differentiating these two cases and determining which 'weak' upper limits are likely to be due to the presence of H 2 rather than simply the unfortunate circumstance of the spectrum, we have developed a likelihood estimator for the presence of H 2 . In order to accomplish this we overplot the model H 2 fit determined by the upper limit routine, in this case assuming b = 2 km s −1
, and determine the number of H 2 transitions that were used to constrain the upper limit. A constrained transition is defined as one in which the model fit either equals or violates the data, see Figure 13 for an example. In the weak limit regime, the more transitions that were used to constrain the upper limit, the more likely the upper limit is created by the presence of H 2 . In other words, if many H 2 transitions constrain the weak limit fit and none rule out strong H 2 , it is more likely that H 2 is present at the detected level. On the other hand, if only one or two transitions constrain the fit, the weak upper limit may simply be a reflection of small wavelength coverage, low SNR, or significant blending with the Lyman α forest.
We define the constrained transition fraction, 'C,' of real H 2 content as C = constrained total
, where 'constrained' is the number of H 2 transitions used to constrain the fit and 'total' is the total number of transitions possible, defined as all transitions of H 2 J = 0, 1, 2, and equal to 134. The results, for the case of b = 2 km s −1 , are Table 3 and plotted as a histogram in Figure 14 . It is clear from Figure 14 that the likelihood of the smoothed UVES upper limits, determined in § 5.2 and shown in red, to contain H 2 are generally much higher than than those of the weak limit Magellan sample, which never reach a constrained transition fraction above ∼0.15.
If we assume that the 3 DLAs of the Magellan sample with higher constrained transition fractions might actually contain H 2 we find that, including the 1 already detected H 2 absorber, the rate of detection of the Magellan sample would be 4/86 = ∼5 %, smaller than that of N08 (10 ± 4 %) at ∼89 % confidence.
IMPACT OF POTENTIAL SYSTEMATIC ERRORS
In this section we discuss several potential issues that may have affected the results of the Magellan survey for H 2 . We first discuss the issue of potential redshift offsets between the low-ion absorption lines and possible H 2 absorption. We then analyze both the Magellan and the N08 samples for any trends of H 2 detections (or limits) with redshift, metallicity or N HI distribution as well as with quasar or spectral properties that might be indicative of biases. Finally, we discuss the implications of potential continuum estimation errors.
Impact of potential redshift offsets
As seen in the DLA towards Q2348−0108 (Noterdaeme et al. 2007 ) and discussed in a previous section ( § 5.2), the H 2 velocity component structure may be complex and consist of multiple velocity components and/or be different than that of the low-ions from which z abs is determined. Either of these situations may be problematic for our method of determining the H 2 upper limits in the MagE spectra using the redshift of the highest optical depth low-ion velocity component.
However, we took special care to search for H 2 at multiple possible redshifts in DLAs with large ∆v and/or multiple strong low-ion velocity components. We then report the least constraining H 2 upper limit. In this way, we account for the possibility that the bulk of the H 2 may be offset from the main low-ion component.
Finally, we note that this problem is likely not to have a large impact on our survey. A review of the literature shows that in ∼76 % (13 out of 17) of DLAs containing H 2 , the H 2 velocity component containing the bulk of the H 2 coincides with the low-ion velocity component of highest optical depth (that which would be used to determine z abs ) to within a few (∼2) km s −1 or less. Therefore, by initially searching for H 2 at the redshift of the strongest low-ion component, we are simply pre-selecting the most likely location of H 2 .
6.2 Trends with DLA, quasar or spectral properties?
In order to rule out the presence of trends in upper limits with DLA, quasar or spectral properties, we investigated the H 2 column density upper limits as a function of metallicity, N HI , z abs , and I-band magnitude of the background quasar. As with the metallicity (Figure 4) , there are no apparent trends in the upper limits measurements with N HI , z abs or I-band magnitude of the background quasar. In Figure 15 we plot the N(H 2 ) upper limits versus the log N HI of the DLA. We find no evidence for any trends of N(H 2 ) with N HI value. There is also no trend for larger N HI values to have weaker N(H 2 ) upper limits. This result lends confidence that the upper limits measurements are secure and not biased by some unrelated, external factor. Figure 16 . N HI histogram comparing the N08 (Noterdaeme et al. 2008) distribution in red (dashed) with the scaled Magellan sample in black. A K-S test indicates the probability they are drawn from the same parent population is P KS ∼ 0.039. Overplotted in green is the distribution of the H 2 detections from the N08 sample.
It is clear that in all cases the distributions are quite different from each other and have a low K-S probability, < 4 %, of being drawn from the same parent population. As seen in Figure 16 and already discussed in § 1 and in Noterdaeme et al. (2008) , the N HI distribution of the N08 sample is biased towards large N HI while simultaneously under-sampling the low-N HI regime. It is interesting to note that the H 2 detections, in green, trace the high N HI overdensity of the parent N08 sample.
In Figure 17 we compare the metallicity distributions of the two samples and see that the H 2 detections are preferentially found in the high metallicity regime. It is interesting to note that the peak of the Magellan sample metallicity distribution is actually higher than that of the N08 sample, indicating that the Magellan sample is slightly more biased towards higher metallicity systems and, if anything, should have found more H 2 , according to the Petitjean et al. (2006) metallicity-H 2 correlation.
Finally, in Figure 18 we examine the redshift distributions of the two samples. It is clear that these distributions are quite different, with the most obvious difference being that the Magellan sample, by definition, stops at z = 2.2, whereas the N08 sample contains DLAs with redshifts as low as z = 1.864. If we consider the N08 sample only in the range of the Magellan sample, i.e. z ≥ 2.2, we find a K-S probability P K−S = 0.17 that the samples share the same parent population. Hence, when compared over a similar redshift range, the redshift distributions of the Magellan and N08 samples are not altogether different. While it is possible that the H 2 detection rate of the N08 sample is larger than that of the Magellan sample presented here because of an increase of DLA H 2 content below z = 2.2, it seems unlikely that any significant increase could take place over the relatively short time span of ≈0.5 Gyr.
While the differences mentioned above may help to explain the difference in H 2 content found by each sample, the uniformlyselected Magellan sample remains the only one to be created a priori in a way that was as blind and as unbiased as possible. A K-S test indicates the probability they are drawn from the same parent population is P KS ∼ 0.006. Overplotted in green is the distribution of the H 2 detections from the N08 sample. Figure 18 . Redshift histogram comparing the N08 (Noterdaeme et al. 2008 ) distribution in red (dashed) with the scaled Magellan sample in black. A K-S test indicates the probability they are drawn from the same parent population is P KS ∼ 0.002. Overplotted in green is the distribution of the H 2 detections from the N08 sample.
Implications of continuum errors
One of the more difficult problems in working with quasar absorption lines is the determination of the original, unabsorbed quasar continuum level. This issue is particularly pernicious in the region of the Lyman α forest, where the forest absorption lines can be thick and blended, leading to an overall apparent lowering of the true quasar continuum level. We first outline our method of continuum fitting the quasar spectra and then conclude with an analysis of errors due to potential errors in continuum fitting.
Continuum fitting of the reduced quasar spectra was done us-ing the XIDL 3 command x continuum, which allows for an interactive cubic spline fit through the data points. Using the interactive graphical user interface we select sections of spectra to fit and a higher order spline fit is made through the data. In this way, one can avoid spectral regions affected by absorption lines by fitting only the quasar continuum on either side of the absorption features. Redward of the quasar Lyman α emission peak, this procedure fits the quasar continuum well, with little need for additional by-hand adjustment. However, blueward of the quasar Lyman α emission peak, the prevalence of the Lyman α forest absorption makes this procedure difficult as the unabsorbed regions of quasar spectra can be sparse and difficult to identify. In this region, we followed the typically applied procedure of fitting the continuum by identifying the highest flux peaks (transmission peaks) in the spectra and fitting the continuum through these peaks. We typically placed additional spline points by hand to produce the most featureless continuum consistent with the identified transmission peaks. Given that transmission peaks may suffer from non-obvious absorption, this procedure may underestimate the true quasar continuum, especially in cases where the forest contamination is heavy.
To investigate the possible implications of errors in the quasar continuum placement in this study, we determined the effects on the resultant upper limits when the quasar continuum is adjusted by ±10 % and ±20 %. To get an idea of the overall effects of continuum changes, we highlight here the results of performing this test on a random sub-sample of DLAs with a representative range of upper limits spanning both the 'strong' and 'weak' limits regime, where 'strong' refers to an upper limit that excludes the presence of significant H 2 , i. (the lowest column density tested).
( As expected, the results can vary widely from system to system, depending on the nature of each spectrum and its Lyman α forest contamination. A careful inspection of these systems reveals that while SNR, ∆λ and the distribution of Lyman α forest absorption all contribute, another factor in determining the effect on N(H 2 ) upper limits from raising the continuum level seems to be the number of pixels used to constrain the upper limit. For example, if a particular upper limit is constrained by only a few pixels (say, a single H 2 transition), then raising the continuum level will likely result in an increase in the upper limit (depending on SNR) because it is still this single transition that constrains the fit. On the other hand, if an H 2 upper limit is constrained by many pixels spanning several different H 2 transitions (particularly in combination with a low SNR), then changes in the continuum level are not as likely to create large changes in the H 2 upper limit because many transitions still work to constrain the upper limit.
The z abs = 2.8691 DLA towards J2238−0921, case 2 above, is an example of the first scenario in which few transitions/pixels constrain the upper limit in combination with a relatively high SNR (SNR∼23). In Figure 19 we plot all of the H 2 transitions associated with relatively unabsorbed continuum for the original continuum fit (left column) and for a continuum that is raised by 20 % (right column). Overplotted in red are model H 2 spectra containing the H 2 column density upper limit value assuming b = 2 km s (right). It is clear that the high SNR in combination with the small number of pixels that constrain the upper limit have caused the (albeit large) 20 % change in continuum level to create a relatively large increase in the N(H 2 ) upper limit (2.4 dex). On the other hand, for the z abs =2.3181 DLA of J0234−0751 (case 3), the SNR is relatively low (SNR∼12) and the number of transitions/pixels constraining the upper limit, albeit weakly, is larger. Therefore, increasing the continuum level by 20 % (seen in the right column of Figure 20 ) produces little change (0.2 dex) in the already weak N(H 2 ) upper limit.
The previous examples highlight how changes in the quasar continuum level can affect (or not) the measured N(H 2 ) upper limits. While it is difficult to estimate the overall effects of potential underestimation of the true quasar continuum on the derived N(H 2 ) upper limits, we do make note of two important points: 1) Underestimation of the quasar continuum by 20 % is unlikely. Typically, quoted errors on quasar continuum placement for spectra of this resolution and SNR are 10 % (e.g. Faucher-Giguère et al. (2008) ), and 2) Changes in the measured N(H 2 ) upper limits with 10 % continuum increase tend to be relatively small and generally not enough to move a system from the strong limit regime to the weak limit regime. We therefore conclude that while continuum placement errors may have some effect on our reported N(H 2 ) upper limits, it is likely to be small.
SUMMARY
We have presented the results from the first uniformly selected, blind survey for molecular hydrogen in DLAs with moderate-to-high resolution spectra. The major result of this survey is that we did not unambiguously detect any new H 2 absorbers in our sample of 86 DLAs. Given the 1 sample DLA already known to contain H 2 , this resulted in an H 2 detection rate of 1 out of 86, or ≈1 %, assuming that all of the upper limits are non-detections. This detection rate of 1 % is smaller (at 99.82 % confidence) than the previously detected rate of strong H 2 systems (N(H 2 ) ≥ 10 18 cm −2 ), 10.3 +3.1 −4.6 % in the N08 sample (Noterdaeme et al. 2008) . Given that the Magellan sample is relatively unbiased and that we are confident in our completeness at the N(H 2 ) ≥ 10 detected z abs =2.4260 DLA in the line of sight towards SDSS235057.87−005209.9 (Petitjean et al. 2006 )), we endeavored to estimate the total amount of H 2 that could be contained in our sample by measuring the upper limits on H 2 column density for each DLA. The derived N(H 2 ) limit is, of course, highly dependent on the assumed Doppler parameter, b. Lacking knowledge of the true Doppler parameter, we determined upper limits for a range of possible Doppler parameters, b = 1 − 10 km s , the median value of the N(H 2 ) upper limits is 0.85 dex less than the median value of the detections of the N08 sample. In addition, the median molecular fraction, f , assuming b = 2 km s −1 , is ∼3.7 times smaller than that of the N08 sample. Removing the caveat that the Magellan sample contains a mix of resolutions and considering only the MagE data, the median upper limit, N(H 2 ) = 10 . We estimated the amount of H 2 we expected to find in the Magellan sample, under the assumption that the H 2 column density distribution found in N08 is an unbiased representation. We find that the expected number of H 2 detections with N(H 2 ) ≥ 10 17.5 cm −2 is 8.56 and the probability of detecting ≤ 1 system is 0.18% from Poisson statistics. As a result we conclude that the Magellan survey detects too few H 2 absorbers with high column densities, N(H 2 ) ≥ 10 17.5 cm −2
, if the N08 sample provides an unbiased representation of the N(H 2 ) distribution.
While we confirm the reliability of the derived upper limits in Section 5, we are also able to estimate the effects of a potential systematic underestimate of the upper limits (see analysis in Section 4.1). We find that by increasing all of the Magellan sample upper limits by 0.6 dex, the number of expected detections with N(H 2 ) ≥ 10 17.5 cm −2 is 7.60, with Posisson probability of ≤1 of 0.43%, still in tension with the results of N08. Indeed, in order to bring our detection of a single N(H 2 ) ≥ 10 17.5 cm −2 system into 95% confidence agreement with N08, we would need to increase the Magellan upper limits by 1.8 dex, a very large factor which is clearly inconsistent with our tests in detecting previously known H 2 systems in spectra of similar resolution and SNR as the Magellan sample.
We show that the DLAs with weak upper limits near N(H 2 ) ∼ 10 18 cm −2 are generally not likely to be H 2 -bearing but rather have weak limits because of low SNR or limited spectral coverage. However, if we include the 3 DLAs that may contain significant H 2 , the detection rate increases to ∼5 %. This detection rate is still smaller, albeit at a lower confidence level (∼89 % confidence), than the rate of 10.3 +3.1 −4.6 % found by N08. Clearly, these 3 systems need to be followed up with higher resolution spectroscopy in order to measure or rule out the presence of H 2 .
The results of our survey -an unexpected paucity of strong H 2 absorption in a blind, uniformly selected DLA sample -give rise to the question: If DLAs are indeed the reservoirs of neutral gas for star formation across cosmic time and multiple lines of evidence show that at least some level of star formation is taking place in DLAs, where is all of the H 2 ? As suggested by Zwaan & Prochaska (2006) , it seems likely that the majority of the H 2 in DLAs is in fact concentrated in highly over-dense regions with very low covering factors (∼1 − 6 %) such that the detection of strong H 2 absorption in any given DLA is relatively rare.
